A procedure that uses gas-liquid chromatography and a pattern recognition computer model was developed for distinguishing cultures of Mycobacterium tuberculosis from cultures of other myc'obacteria, common bacteria, and fungi. In this procedure, a sample of a culture preparation is methanolyzed and trimethylsilylated sequentially and injected into a gas chromatograph equipped with a flame ionization detector. A pattern recognition procedure computes an error score by comparing the gas-liquid chromatography peak responses of a culture to those of a standard M. tuberculosis culture. Routine laboratory identification of Mycobacterium tuberculosis is very time-consuming and requires an additional 4 to 6 weeks of biochemical assay after an initial period for culture growth. Studies of rapid identification methods have yielded promising results with radiometric, nucleic acid hybridization, and gas-chromatographic analyses (3, 7, 11-13). Our interest in a computer-assisted gas-liquid chromatography (GLC) method of identifying M. tuberculosis was based on separate reports of successful results for species differentiation among mycobacterial cultures by GLC (4, 7, 12) and the use of computer-aided pattern recognition models in the analysis of complex chromatographic profiles of biochemical products (1, 9, 10). Our hypothesis were that M. tuberculosis cultures have specific chromatographic profiles of sugars and fats qualitatively and/or quantitatively different from those of other bacteria and that a computer-assisted diagnostic model can be de- (Table 1) .
Routine laboratory identification of Mycobacterium tuberculosis is very time-consuming and requires an additional 4 to 6 weeks of biochemical assay after an initial period for culture growth. Studies of rapid identification methods have yielded promising results with radiometric, nucleic acid hybridization, and gas-chromatographic analyses (3, 7, (11) (12) (13) . Our interest in a computer-assisted gas-liquid chromatography (GLC) method of identifying M. tuberculosis was based on separate reports of successful results for species differentiation among mycobacterial cultures by GLC (4, 7, 12) and the use of computer-aided pattern recognition models in the analysis of complex chromatographic profiles of biochemical products (1, 9, 10) . Our hypothesis were that M. tuberculosis cultures have specific chromatographic profiles of sugars and fats qualitatively and/or quantitatively different from those of other bacteria and that a computer-assisted diagnostic model can be devised for their identification. Several cultures of microbial species of clinical importance were tested by GLC and computer analysis. A new computer-assisted diagnostic model for the identification of M. tuberculosis is presented here. sisted of 18 mycobacteria other than tuberculosis (MOTT), 94 bacteria, and 45 fungi (Table 1) .
Histoplasma capsulatum strains were obtained from the American Type Culture Collection, Rockville, Md. Ail other organisms were clinical isolates obtained from the Microbiology Section, Laboratory Service, Hines Veterans Administration Hospital, Hines, 111. AIl mycobacteria were identified at the Reference Laboratory, Veterans Administration Medical Center, West Haven, Conn. Ail other organisms were identified at our laboratory as described in the Manual ofClinical Microbiology (6) . Mycobacteria were subcultured in Middlebrook 7H10 liquid media (Difco Laboratories, Detroit, Mich.). AU other bacteria were subcultured in peptone-glucose media (Difco). These media were chosen on the basis of results from our pilot studies showing much fewer and lower extraneous GLC peaks, considered insignificant when compared with those obtained with`tryptic soy and Lowenstein-Jensen media. After luxuriant growth was visible (usually 4 to 6 weeks for mycobacteria and 3 to 4 days for other organisms), the culture-containing media were autoclaved for 30 min at 121°C, cooled, and centrifuged at 1,300 x g for 20 min. The precipitate was then washed twice with distilled water, lyophilized, and kept at 0°C until used.
Derivatization. We modified the trimethylsilylation method of Miller et al. (8) as follows. Eicosane (the internal standard), 3.7 ,uM in 1 ml of petroleum ether, was evaporated to dryness under nitrogen in Teflon-lined screw-cap tubes, and approximately 10 to 20 mg of lyophilized specimen and 2 ml of 8 N methanoiic hydrochloric acid were added. The tubes were sealed and heated at 80°C for 60 min to allow hydrolysis of the cell wall and contents. After neutralization with concentrated NH40H to pH 6.8, the mixture was evaporated to dryness under a stream of dry nitrogen while the tubes were kept in a water bath at 550C. To the dried extract 3 ml of pyridine, 1 ml of hexamethyldisilazane, and 1 ml of trimethylchlorosilane were added to form the trimethylsilyl derivatives. The mixture was vortexed for 15 s and incubated at 37°C for 15 min. Following incubation, the tubes were centrifuged at 1,000 x g for 10 min. The top liquid layer was decanted into clean screw-cap tubes (14 by 75 mm) and evaporated to dryness under nitrogen in a water bath kept at 37°C. To the dried residue 1 ml of ethyl ether was added, and the mixture was vortexed for 15 s. The tubes were-centrifuged again at 1,000 x g, and the supernatant was decanted into clean tubes and again brought to dryness as described above. The dry residue was solubilized and mixed with 40 to 60 ,pl of pyridine; 2 pl of this mixture was injected into the GLC column.
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GLC. All GLC work was performed on a Sigma 300 gas chromatograph equipped with an LCI-100 microprocessor (The Perkin-Elmer Corp., Norwalk, Conn.). The chromatograph was fitted with a flame ionization detector and a glass column (inner diameter, 1.8 m by 2 mm) packed with 3% SE-30 methylsilicone gum on Gas-Chrom Q (80/100 mesh; Alltech Associates, Inc., Applied Science Div., Deerfield, Ill.). The injector temperature was kept at 260°C; helium, the carrier gas, was operated at a flow rate of 30 ml/min. Air flow and hydrogen were regulated at rates of 300 and 30 ml/min, respectively. To achieve the desirable separation, we programmed the chromatography oven from 140 tQ 250°C at a rate of 10°C/min, with a final holding time of 5 min.
Before the M. tuberculosis test set cultures could be analyzed, the packed column deteriorated (after approximately 2,000 injections in 22 months) and was replaced by an in-house-packed 1.8-m 3% SE-30 methylsilicone gum loading column. Arabinose, galactose, and samples of M. tuberculosis and bacterial cultures that had been run on the old column were used to standardize GLC conditions on the new column. Proper performance was achieved when the volume flow rate of the carrier gas and the mean column pressure remained unchanged, but with the starting oven temperature set at 134°C.
For mass spectral analysis we used a Finnigan 4000 spectrometer equipped with CI/El fragmentation (Finnigan Inc., Sunnyvale, Calif.) and a glass column (inner diameter, 1.8 m by 2 mm) packed with 3% SE-30 methylsilicone gum on Gas Chrome Q (80/100 mesh). The column temperature was programmed from 170 to 250°C at a rate of 5°C/min. The separator section was kept at 250°C. Methane was used as the carrier gas and ionizing gas for CI work, whereas helium was used for El work.
All reagents and chemicals used were high-quality laboratory supplies. Pyridine, hexamethyldisilazane, trimethylchlorosilane, arabinose, galactose, mannose, other sugars, methyl stearate, and 10-octadecanoic acid were obtained from Alltech Associates. Eicosane (C20H40; molecular weight, 280.54) was obtained from Aldrich Chemical Co., Inc., Milwaukee, Wis.
Pattern recognition analysis of GLC output. Peak retention times and heights were recorded with the LCI-100 chromatographic data system. All subsequent processing was performed on a VAX 11/780 computer (Digital Equipment Corp.). The peak retention times and heights were input into the computer. All peaks before a retention time of 1 min were discarded because they were solvent bleed peaks of all injections. The actual retention times of all peaks were transformed into relative retention times by dividing the actual times by the time of the eicosane internal standard. The actual height of each peak was transformed into relative height by expressing the height of each peak as a percentage of the sum of all the peak heights, excluding the eicosane peak height. Relative height values of less than 0.20% were rounded off to zero.
The transformed chromatogram thus obtained was analyzed with a pattern recognition model that was conceptually similar to the one developed by Mizuno et al. for diagnosing metabolic disorders (9) . Our model is represented in Fig. 1 Fig. 1A to D, respectively. Because of the use of a new column and minor window adjustments for the evaluation of the M. tuberculosis test set, we felt that another M. tuberculosis test set was necessary for validation. The adjusted nine M. tuberculosis windows necessitated by the column change are listed in Table  2 , footnote a. The revised model was applied to the M. tuberculosis validation set with a sample size of four. The resulting error scores were 3, 3, 4, and 5.
DISCUSSION
Cells walls of mycobacteria contains lipids, peptides, carbohydrates, mycosides, and lipopeptides (5), some of which are shared with other organisms in various concentrations. These products can be detected under various derivatization and chromatographic conditions. Larson and Mardh found promising GLC profiles of different species among the 13 mycobacterial strains tested with trifluoroacetyl derivatives of whole-cell methanolysates (4) . Tisdall et al. used boron trifluoride-methanol derivatization and developed an identification scheme from 128 stock strains to test against 79 clinical isolates (12). They were able to identify 58% of the specimens to the species level, and M. tuberculosis was correctly identified in 85%. In a follow-up study of 335 mycobacterial isolates, 223 (67%) were correctly identified (12) . These diagnostic profiles were based on the presence, absence, and certain height ratios of particular fatty acid peaks generated by mycobacterial isolates. were produced for each sugar tested. This method would also detect various fatty acid moieties in the specimens.
Computer analysis was used to create a diagnostic model or fingerprint of M. tuberculosis without resorting to the identification of multitudes of individual peaks. SIMCA (Soft Independent Models Describing Class Analogy), a library computer program for performing pattern recognition analysis, has been tried in gas chromatography. When applied to pyrolysis gas chromatograms of repetitive samples of three strains of Penicillium species, the program was able to classify each sample into one of the three strains with good success (1) . A nonparametric pattern recognition method has been used with gas chromatography to analyze metabolic profiles (10) . In our case, a much simpler technique, similar to the one used by Mizuno et al. (9) , was adequate for discriminating M. tuberculosis. The transformed chromatograms of M. tuberculosis cultures were very consistent in having peaks at specific locations, and a simple window technique was sufficient for measuring how well a sample profile matched the standard profile. We did not find the peak heights to be of additional use. Our pattern recognition model works by identifying the distribution of peak locations for M. tuberculosis cultures, not by identifying individual chemicals or substances unique to M. tuberculosis. The results indicate that M. tuberculosis distribution is recognizably different from those of MOTT, bacteria, and fungi. This is true even though each of the 21 M. tuberculosis peak locations coincided with peak locations for some of the non-M. tuberculosis cultures (Table 2 ). In fact, an individual non-M. tuberculosis culture will fail to register peaks at most of the 21 M. tuberculosis locations and, more importantly, will register peaks at non-M. tuberculosis locations. We believe that the application of our GLC technique to M. tuberculosis cultures generates a unique combination of chemical substances corresponding to the 21 M. tuberculosis windows.
An important aspect of our study was the fact that the column had to be replaced just before the M. tuberculosis test cultures could be analyzed. To line the peaks up against those of the M. tuberculosis training cultures analyzed by the old column, we only had to make slight adjustments, which were later validated with an additional set of M. tuberculosis cultures. This experience highlights the importance of the need for recalibrating the pattern recognition model whenever a column is replaced.
In conclusion, our GLC-computer model for the identification of M. tuberculosis or non-M. tuberculosis yielded excellent results when applied to a large number of cultures of mycobacteria and other organisms of clinical importance. There were no false-negatives. The prediction of non-M. tuberculosis was correct for all 45 fungal isolates, 94 bacterial isolates, and all but 1 of 18 MOTT isolates. The false prediction represented M. fortuitum, which is well known to have unpredictable profiles (4, 13) .
The future direct application of this method to sputum, if successful, could save the 8 to 10 weeks currently required for the diagnosis of tuberculosis by culture identification, since this new method takes only 3 to 4 h. The preliminary results of direct testing of sputum by our diagnostic model were very encouraging (Maliwan et al., Abstr. Annu. Meet. Am. Fed. Clin. Res. 1986). A comparison of this method with other rapid methods, e.g., radiometric and nucleic acid hybridization techniques, with regard to sensitivity, specificity, cost, and feasibility needs to be made prior to the final selection of the optimal diagnostic method.
